Ž 2q . Objective: Sarcoplasmic reticulum dysfunction may contribute to calcium Ca overload during myocardial reperfusion. The aim of this study was to investigate its role in reperfusion injury. Methods: Open chest dogs undergoing 15 min of left anterior descending coronary artery occlusion and 3 h of reperfusion were randomized to intracoronary infusions of 0.9% saline, vehicle, or the Ca 2q channel Ž . antagonist, nifedipine 50 mgrmin from 2 minutes before to 5 minutes after reperfusion . After each experiment, transmural myocardial Ž . biopsies were removed from ischemicrreperfused and nonischemic myocardium in the beating state and analyzed for i sarcoplasmic Ž 2q . Ž . 2q reticulum protein content Ca ATPase, phospholamban, and calsequestrin by immunoblotting and ii Ca uptake by sarcoplasmic 2q Ž . reticulum vesicles with and without 300 micromolar ryanodine or the Ca ATPase activator, antiphospholamban 2D12 antibody. Ž Results: Contractile function did not recover in controls and vehicle-treated dogs after ischemia and reperfusion mean systolic . Ž . shortening, y2 " 2% , but completely recovered in nifedipine-treated dogs 17 " 2%, p s NS vs. baseline, p -0.01 vs. control .
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Ventricular fibrillation occurred in 50% of controls and vehicle dogs and 0% of nifedipine-treated dogs p -0.01 . Ca uptake by the Ž sarcoplasmic reticulum vesicles was severely reduced in ischemicrreperfused myocardium of controls and vehicle dogs p -0.01 vs.
. nonischemic . Ryanodine and the 2D12 antibody improved, but did not reverse the low Ca uptake. Protein content was similar in ischemicrreperfused and nonischemic myocardium. In contrast, Ca 2q uptake and the responses to ryanodine and 2D12 antibody were normal in ischemicrreperfused myocardium from nifedipine-treated dogs. Conclusion: Dysfunction of the sarcoplasmic reticulum Ca
Introduction
Myocardial reperfusion injury is probably mediated by Ž 2q . oxygen free radicals and transient calcium Ca overload w x 2q 1-7 . Targets of oxyradicals and Ca activated enzymes include the sarcolemma, sarcoplasmic reticulum, and conw x tractile proteins 2,7 . Injury to the sarcoplasmic reticulum may exacerbate Ca 2q overload during early reperfusion ) Ž . Ž . Corresponding author. Tel. q1-414 257-6697; Fax q1-414 2577291; E-mail: ssmart@post.its.mcw.edu Ž and setup the myocardium for reperfusion injury contrac-
. w x tile dysfunction and ventricular fibrillation 8, 9 .
The sarcoplasmic reticulum has a major role in myocardial Ca 2q homeostasis and accounts for ) 90% of the w x efflux by the sarcolemmal Na rCa exchanger 11 .
Reperfusion injury correlates with a secondary increase 2q w x in Ca after reperfusion 10 . Reactivation of myocardial Ca 2q channels and Ca 2q release by the sarcoplasmic reticulum at the onset of reperfusion may have a major w x role in this secondary increase 12,13 , but prior studies have not investigated how resumption of this normal trigger for contraction can mediate injury.
Ž . The hypotheses tested in this study are: i the sarcoplasmic reticulum is injured by transient ischemia and Ž .
2q reperfusion and ii the resulting dysfunction in Ca homeostasis sets up the myocardium for reperfusion injury. Ž . Our aims were to: i compare sarcoplasmic reticulum function in ischemicrreperfused myocardium from saline and vehicle treated dogs with control nonischemic my-Ž . ocardium; ii determine protein content by immuno-Ž . blotting, and iii compare these findings with sarcoplasmic reticulum function from ischemicrreperfused myocardium of dogs treated with intracoronary nifedipine at the onset of reperfusion. Thereby, open chest dogs undergoing 15 min of left anterior descending occlusion and 3 h of reperfusion were randomized to intracoronary saline, Ž vehicle, or nifedipine 50 mgrmin from 2 minutes before . until 5 minutes after reperfusion . Transmural biopsies were taken from the ischemicrreperfused and nonischemic zones and analyzed for sarcoplasmic reticulum Ca 2q uptake and protein content. A thoracotomy was performed in the left fifth intercostal space and the heart suspended in a pericardial cradle. A segment of the left anterior descending coronary artery was isolated proximal to the first major diagonal for Ž . an electromagnetic flow probe Statham SP7515 and a silk ligature. A small distal branch was cannulated retrogradely with a heparin filled 27 gauge catheter. The tip was advanced into the left anterior descending coronary artery and position confirmed by injection of food coloring. A catheter was placed in the left atrial appendage for microsphere injection. Dogs were demand atrial paced at 120 bpm via the left atrial appendage. . Boston, MA in 10% Dextran and 0.01% Tween 80 were ultrasonicated and vortexed. Twenty mCi were injected in the left atrium. Reference samples were collected from the right femoral artery at 7 mlrmin for 130 s starting just before microsphere injection.
Methods

General preparation
After myocardial biopsies, the left anterior descending artery was occluded and India ink injected to delineate the ischemicrreperfused zone. The heart was electrically fibrillated, removed, and fixed in 10% formalin. Ischemicrreperfused and nonischemic zones were sepa-Ž . rated and weighed. Tissue samples 0.8-1.0 g from the Ž . Ž . ischemicrreperfused five and nonischemic three zones were divided into subendo-, mid myo-, and subepi-cardial layers and weighed. Net activity of each isotope in tissue and reference blood samples was measured by a gamma Ž . 
Treatment and ischemiar reperfusion protocols
Dogs were randomized to intracoronary infusions of Ž . Ž 0.9% saline control; 1 mlrmin , vehicle 0.9% saline with ( ). 4% ethanol and 2% polyethylene glycol 400 , or nifedipine Ž5 mg in 100 ml of 0.9% saline with 4% ethanol and 2% . polyethylene glycol 400; 50 mgrmin at the onset of reperfusion. Nifedipine was infused from 2 min before Ž reperfusion until 5 min after reperfusion total infusion . time 7 min to ensure maximal effects at the onset of w x reperfusion in the ischemicrreperfused zone 13 . Before and after nifedipine or vehicle, 0.9% saline was infused at 1 mlrmin.
After instrumentation and baseline measurements, intracoronary infusion was started and the coronary artery occluded 40 min later. The ligature was released after 15 min and the dogs monitored for 180 min. If ventricular fibrillation occurred, dogs were defibrillated with pads on the lateral left ventricle and the right ventricle with up to 3 Ž . shocks 20, 30, and 30 J . A prior study revealed no w x prolonged effects on function 17 .
Biopsy protocol and tissue preparation
Biopsies were taken from ischemicrreperfused and nonischemic myocardium of control, vehicle, and nifedipine-treated dogs. At the end of each experiment, purse string sutures were placed in the ischemicrreperfused and nonischemic zones. Eleven mm transmural core biopsies were removed in the beating state in random order, flash frozen in liquid nitrogen and stored at y708C until analysis.
Isolation of sarcoplasmic reticulum Õesicles
Each pair of ischemicrreperfused and nonischemic Ž . biopsy samples 0.5-1.0 g were homogenized at 48C in a Ž . Polytron PT-10-35 Brinkmann Instruments for 90 s in 10 Ž . w x ml vrw of 10 mM NaHCO 18 . Sarcoplasmic reticu- 2q w x Ca 21 . Sarcoplasmic reticulum vesicles were preincubated in uptake medium for 10 min at 378C with or without 300 mM ryanodine, prior to initiation of reactions by adding 3 mM ATP. At the same time points in the studies, 1600 ml samples were removed for Ca 2q uptake w x analysis 19,22 .
The suction filtration method for measuring Ca 2q upw x take has been reported by this laboratory 19,22 . The 100 Ž . and 1600 ml samples from the low "2D12 and high 2q Ž . ionized Ca "ryanodine uptake solutions, respectively, were analyzed for protein content by a modified Lowry assay and ionized Ca 2q by spectrophotometry with 23 mM Ž . = total cpm mg proteinr50 or 800 ml Ž .
Immunoblotting of sarcoplasmic reticulum proteins
The aliquot of the sarcoplasmic reticulum vesicle fraction was thawed and 300 ml added to 600 ml of 20% Ž . w x sodium dodecyl sulfate SDS 18 . The mixture was incubated at 258C for 20 min and ultracentrifuged for 5 min at Ž . 100 000 rpm Beckman TL-100.2 rotor . Supernatants were collected and protein content determined by the Lowry w x method 20 .
Ž . SDS-polyacrylamide gel electrophoresis PAGE was performed with an 8% gel using a modified method of w x Porzio and Pearson 24 . Five and 15 mg of protein from each supernatant was electrophoresed per lane. For immunoblotting, protein samples were transferred to 0.2-mm Ž pore size nitrocellulose membranes Schleicher and . Ca ATPase SERCA2 , low and high molecular weights of phospholamban, and calsequestrin. Immunoblotting was performed using a 1:500 dilution of ascites fluid containing monoclonal antibody 2A7-A1, which is specific for the cardiac isoform of SERCA2; a 1:500 dilution of ascites fluid containing monoclonal antibody 2D12, which reacts with phospholamban; and polyclonal rabbit antibody to canine cardiac calsequestrin, affinity purified by incubation with canine cardiac calsequestrin bound to nitrocellulose w x membranes followed by acid extraction 18 . The transfer was blocked with 2% bovine serum albumin. Thereafter, the strips were incubated with the appropriate antibodies 125 Ž followed by incubation with I-labeled protein A New . England Nuclear . Protein bands identified by autoradiography were excised and bound radioactivity quantified by Ž gamma counting. Background counts -10% of the total . counts for each band were subtracted from all measurements. 
Statistical analysis
2q Ž . Values for Ca ATPase SERCA2 , phospholamban, and calsequestrin were compared by the Student's t test Ž for paired samples. Repeated-measures and multi three to . Ž . six -way analysis of variance ANOVA with the Bonferroni t-test were used to identify changes in continuous data within and between groups, respectively. x 2 analysis was used to evaluate the effects of animal exclusion.
Results
Animal data
Thirty-two dogs were randomized to the three experimental groups. Ventricular fibrillation occurred in 12 dogs Ž . Ž . Ž . 32% : 50% 8r16 of controls, 50% of vehicle 4r8 and Ž . 0% 0r8, p -0.05 vs. controlrvehicle of nifedipine dogs. Ž . Only 2 17% dogs were successfully defibrillated. One control was excluded due to high collateral blood flow during coronary occlusion. The control, vehicle, and nifedipine groups consisted of eight, five, and eight dogs, respectively.
Systemic hemodynamics
Hemodynamic data are summarized in Table 1 . Hemodynamics in control and vehicle dogs were similar throughout the experimental protocol. Nifedipine infusion only reduced mean arterial pressure during drug infusion. Ž . are represented as mean"SEM. A Systolic shortening before occlusion was similar in all groups. During occlusion, systolic lengthening was similar in each group. After reperfusion, systolic shortening in controls and vehicle treated dogs did not recover and remained severely depressed. In contrast, systolic shortening in nifedipine dogs completely recovered Ž . by 60 min, and did not deteriorate thereafter. B Nonischemic zone systolic shortening was also similar at baseline, increased during left anterior descending coronary occlusion, and returned to baseline by 1-2 h after reperfusion. ) ) p-0.01 vs. control. 
Ž .
Shows that Ryn doubled Ca uptake in nonischemic myocardium NZ . Again, Ca 2q uptake in ischemicrreperfused myocardium was much less than nonischemic. Uptake responded to Ryn, but remained much less. ) p-0.05 vs. NZ Heart rate and peak positive dPrdt were unaffected and remained similar to the other groups throughout the protocol. Mean arterial pressure was similar to controls and vehicle dogs before and during coronary occlusion, lower during the first 5 minutes of reperfusion, but similar thereafter. Normalized end diastolic segment length increased during occlusion and recovered by 1-2 h after reperfusion, similar to controls and vehicle dogs. Table 2 summarizes myocardial blood flow in ischemicrreperfused and nonischemic zones. Blood flow before occlusion was similar in controls, vehicle and nifedipine dogs. Collateral blood flow to the ischemicrreperfused zone including the subendocardium was similar in all groups during occlusion. After reperfusion, blood flow to the ischemicrreperfused zone in controls and vehicle dogs was reduced at 30 min and returned to normal at 3 h. Ischemicrreperfused zone blood flow in nifedipine . controls and 3 h after reperfusion. Nonischemic zone blood flow was similar in all groups at all timepoints.
Myocardial blood flow
Regional myocardial function
Systolic shortening in the ischemicrreperfused and nonischemic zones is plotted in Fig. 1A and 1B, respectively. Systolic shortening before occlusion was similar in all groups. Coronary occlusion caused similar degrees of systolic lengthening. After reperfusion, systolic shortening remained depressed in controls and vehicle dogs, but completely recovered in nifedipine-treated dogs within the first hour. Nonischemic zone systolic shortening was similar in all groups at baseline and similarly increased during coronary occlusion and recovered after reperfusion.
3.5.
45 Ca 2q uptake studies
The yield of sarcoplasmic reticulum membrane protein was similar in nonischemic and ischemicrreperfused myocardium from control, vehicle, and nifedipine-treated dogs. The yields were 1.57 " 0.24 mgrg, 2.19 " 0.25 mgrg, 2.10 " 0.45 mgrg, and 2.02 " 0.61 mgrg, respectively. Fig. 2A ionized Ca by 5-6 fold Fig. 3A . Normalized Ca uptake in ischemicrreperfused myocardium was markedly Ž . reduced 11 " 6%, p -0.01 . Antibody caused a 4 fold increase in uptake, but normalized uptake remained de-Ž . Fig . 3B . Again, normalized Ca uptake in ischemicrre-Ž . perfused myocardium was depressed 27 " 9%, p -0.01 . Ryanodine doubled uptake, but normalized uptake re-Ž . mained depressed 27 " 6%, p -0.01 . Fig. 3A and 3B plot Ca 2q uptake by vesicles from nonischemic and ischemicrreperfused myocardium of vehicle dogs measured at low ionized Ca 2q with and without the 2D12 antibody and at high ionized Ca 2q with and without ryanodine, respectively. Findings were similar to controls. Normalized Ca 2q uptake in ischemicrreperfused 2q Ž . myocardium was depressed at low ionized Ca p -0.01 Ž . to Ca ATPase 2A7-A1 , the middle to calsequestrin CSQ , and the bottom to the high H and low L molecular weight forms of phospholamban.
Ž . Migration of molecular weight standards kd is indicated at the right. Ž with and without the 2D12 antibody 10 " 5% and 18 " . 2q Ž . 4%, respectively and at high ionized Ca p -0.01 Ž with and without ryanodine 28 " 7% and 33 " 8%, re-. spectively . Fig. 4A and 4B plot Ca 2q uptake by vesicles from nonischemic and ischemicrreperfused myocardium of nifedipine-treated dogs at low ionized Ca 2q with and without 2D12 antibody and at high ionized Ca 2q with and without ryanodine, respectively. Normalized Ca 2q uptake in ischemicrreperfused myocardium was similar to nonischemic myocardium at low ionized Ca 2q with and without Ž . the 2D12 antibody 105 " 8% and 94 " 12%, respectively and at high ionized Ca 2q with and without ryanodine Ž . 84 " 15% and 88 " 10%, respectively . Absolute Ca uptake in ischemicrreperfused myocardium of these dogs at low ionized Ca 2q with and without 2D12 antibody was Ž . similar p s NS to control and vehicle nonischemic my-Ž . ocardium and higher p -0.01 than control and vehicle ischemicrreperfused myocardium. Absolute Ca 2q uptake in nonischemic myocardium of these nifedipine-treated dogs at high ionized Ca 2q with ryanodine was mildly Ž . depressed compared to control dogs see Fig. 2B and 4B . This effect was attributed to the vehicle, as a similar depression in Ca 2q uptake was observed using sarcoplasmic reticulum vesicles from nonischemic myocardium of vehicle-dogs.
Immunoblotting of sarcoplasmic reticulum proteins
Figs. 5-7 demonstrate that the reduced Ca 2q uptake by the sarcoplasmic reticulum in dysfunctional myocardium after ischemia and reperfusion did not result from alter- . Ž 2q 6 revealed that the concentration of proteins Ca AT-. Pase, calsequestrin, and phospholamban was not reduced Ž . p s NS in ischemicrreperfused myocardium of either controls or vehicle dogs. Fig. 7 Likewise, abnormalities in Ca 2q uptake were more severe than reported after repetitive ischemia and reperfuw x 2q sion 46 . Ca release channel and phospholamban function were preserved, but the Ca 2q pump was impaired. Ca 2q uptake at low and high ionized Ca 2q was only 11 and 27% of control myocardium, respectively. Both the 2D12 antibody and ryanodine caused the same relative increase in uptake in nonischemic and ischemicrreperfused myocardium, but absolute Ca 2q uptake remained severely depressed in ischemicrreperfused myocardium from control and vehicle dogs.
The reduced Ca 2q uptake of ischemicrreperfused myocardium resulted from Ca 2q pump dysfunction. Sarcoplasmic reticulum protein yield and content in ischemicrreperfused myocardium were similar to that of nonischemic myocardium. Ca 2q uptake was severely reduced irrespective of protein content. The data are comparable to a dog study reporting preserved protein content w x after prolonged ischemia 48 .
In contrast, sarcoplasmic reticulum function was preserved in ischemicrreperfused myocardium of nifedipinetreated dogs. Ca 2q uptake at low and high Ca 2q responded normally to the 2D12 antibody and ryanodine.
These data imply that reactivation of myocardial Ca 2q channels at the onset of reperfusion contributes to injury to the sarcoplasmic reticulum Ca 2q pump. The impaired Ca 2q uptake then sets up the myocardium for injury by escalating diastolic Ca 2q during early reperfusion. The preserved content of sarcoplasmic reticulum proteins and the absence of degradative products suggest free radicals w x rather than proteases probably mediated the injury 1-9 . w x up to 50 mM has no effects on Na rCa exchange 34 . Furthermore, several studies have demonstrated that the myocardial manifestation of inhibition of Na q rCa 2q exw x change is positive inotropy 18,49 . Dose response studies from this laboratory demonstrate that the dose of nifedipw x ine infused in this study was very negatively inotropic 13 .
Limitations
The method of isolation of sarcoplasmic reticulum vesicles may alter Ca 2q uptake data from ischemicrreperfused myocardium, but the methods utilized in this study produce vesicles representative of the whole cell homogenate w x 48,50 . The isolation technique produces a subfraction of sarcoplasmic reticulum vesicles without significant conw x tamination by sarcolemma 19 . The effects of tissue deterioration were minimized by taking myocardial biopsies in the beating state and freezing the specimens in liquid nitrogen. The isolation was completed in -2 h at 48C w x 19 .
The function of the calcium release channels and phospholamban was derived indirectly, but prior work has validated the use of ryanodine and the 2D12 antibody to investigate their respective function and Ca 2q pump activw x ity in sarcoplasmic reticulum vesicles [21] [22] [23] Ca ATPase 18 . Sarcoplasmic reticulum Ca release Ž . channel content i.e., ryanodine binding was not measured because it has previously been shown to be normal or only w x mildly reduced, rather than increased 7,37 .
Only the strips of the Western blots corresponding to 2q Ž . the mobility regions of Ca ATPase SERCA2 , low and high molecular weights of phospholamban, and calsequestrin were immunoblotted with monoclonal antibody 2A7-A1, monoclonal antibody 2D12, and polyclonal antibody calsequestrin, respectively. Thus, the protocol may not have detected degradation products of SERCA2 or calsequestrin smaller than the region encompassed by the respective strips.
Conclusions and clinical implications
Ca 2q uptake by the sarcoplasmic reticulum was markedly depressed in this model of severe reperfusion injury. The mechanism was depressed Ca 2q pump function rather than alterations in protein content or function of Ca 2q release channels and phospholamban. Resumption of Ca 2q influx at the onset of reperfusion contributed to injury to the Ca 2q pump. Thus, injury to the Ca 2q pump of the sarcoplasmic reticulum at the onset of reperfusion may be a critical step that accelerates the secondary increase in intracellular Ca 2q when Ca 2q influx resumes. Inhibition of myocardial Ca 2q channels at the onset of ( )reperfusion may be an optimal target for the minimizing reperfusion injury by delaying resumption of Ca 2q influx and preventing injury to the Ca 2q pump of the sarcoplasmic reticulum.
